Wolinella succinogenes performs oxidative phosphorylation with fumarate instead of O 2 as terminal electron acceptor and H 2 or formate as electron donors. Fumarate reduction by these donors (`fumarate respiration') is catalyzed by an electron transport chain in the bacterial membrane, and is coupled to the generation of an electrochemical proton potential (vp) across the bacterial membrane. The experimental evidence concerning the electron transport and its coupling to vp generation is reviewed in this article. The electron transport chain consists of fumarate reductase, menaquinone (MK) and either hydrogenase or formate dehydrogenase. Measurements indicate that the vp is generated exclusively by MK reduction with H 2 or formate; MKH 2 oxidation by fumarate appears to be an electroneutral process. However, evidence derived from the crystal structure of fumarate reductase suggests an electrogenic mechanism for the latter process. ß
Introduction
The terms`respiration' or`aerobic respiration' refer to certain redox reactions with O 2 as acceptor that are catalyzed by membrane-integrated electron transport chains. These reactions are coupled to the generation of an electrochemical proton potential (vp) across the membrane [1] . Many bacteria perform respiration with terminal electron acceptors such as fumarate, nitrate, polysul¢de ([S]) or various other compounds instead of O 2 [2^4] . These processes are termed`anaerobic respiration'. Anaerobic respiration with fumarate is called`fumarate respiration'. As in aerobic oxidative phosphorylation, the vp generated by anaerobic respiration drives ATP synthesis from ADP and phosphate, catalyzed by ATP synthase. The ATP synthases involved in aerobic and anaerobic oxidative phosphorylation appear to operate according to similar mechanisms.
Depending on the bacterial species and on the metabolic situation, bacteria perform respiration with a wide variety of redox reactions. As a consequence, the composition of the respiratory chains and the mechanisms of vp generation may vary greatly in aerobic and in anaerobic respiration. The coupling mechanisms of electron transport to apparent proton translocation are not known in most instances and are still under debate in the few most thoroughly studied cases of aerobic respiration [1, 5, 6] . A fundamental prerequisite for understanding coupling mechanisms has been provided in the last decade by the determination of the crystal structures of several electron transport enzymes [5^9] .
In this contribution, the results of the biochemical investigation of fumarate respiration of Wolinella succinogenes will be discussed, taking into consideration recent evidence from the crystal structure of the fumarate reductase of this anaerobic bacterium. W. succinogenes fumarate respiration is the most extensively studied anaerobic respiration known today; it comprises two membrane-integrated enzymes (hydrogenase and formate dehydrogenase) in addition to fumarate reductase. Review articles on the structure and function of fumarate reductases and the related succinate dehydrogenases are included in this volume. The structural aspects of W. succinogenes fumarate reductase are reviewed by Lancaster and Simon in this volume. Comprehensive reviews on related topics were published earlier [2,9^14] .
Composition of the fumarate respiratory chains
W. succinogenes can grow by fumarate respiration with either H 2 (Reaction a), formate (Reaction b) or sul¢de (Reaction c) as electron donor [14] Reactions a^c are catalyzed by electron transport chains which are integrated in the membrane [12, 15] . The electron transport chains catalyzing Reaction a or Reaction b consist of fumarate reductase, menaquinone (MK), and hydrogenase or formate dehydrogenase, respectively (Fig. 1) . The enzymes have been isolated and the sequences of the corresponding genes have been determined (Sections 3^5). The crystal structure of fumarate reductase has been determined [8] . The composition of the electron transport chains has been con¢rmed by their reconstitution in liposomes from the isolated enzymes (Section 6).
Each of the three enzymes consists of one hydrophobic and two hydrophilic subunits. The larger of the hydrophilic subunits contain the catalytic sites, and the smaller are iron^sulfur proteins which serve in transferring electrons from the catalytic to the hydrophobic subunits or vice versa. The hydrophobic subunits are di-heme cytochromes b which react with MK or MKH 2 and anchor the enzymes in the membrane. The sequences of the cytochrome b subunits of hydrogenase and formate dehydrogenase are similar, and suggest that the four heme ligands are located on three membrane helices [16] . One of the heme groups is predicted to be closer to the periplasmic and the other closer to the cytoplasmic surface of the membrane. The catalytic subunit of hydrogenase is exposed to the periplasmic side of the membrane [17] . The catalytic site of formate dehydrogenase is also oriented to the periplasm, whereas that of fumarate reductase faces the cytoplasm [18] .
The electron transport chain catalysing Reaction c, consists of fumarate reductase, and probably MK and sul¢de dehydrogenase. The fumarate reductase involved in sul¢de oxidation is identical to that in the electron transport chain catalysing Reaction b [19] . A mutant of W. succinogenes lacking the genes encoding the subunits of fumarate reductase did not grow by fumarate respiration with formate or with sul¢de. The sul¢de dehydrogenase has not yet been isolated and the genes have not yet been cloned.
Hydrogenase
A mutant of W. succinogenes lacking the genes encoding the subunits of hydrogenase did not grow at the expense of Reaction a [17] . When grown with formate and fumarate (Reaction b) the mutant did not contain hydrogenase activity, in contrast to the wild-type strain. Hydrogenase catalyzes the reduction by H 2 of the MK present in the membrane of W. succinogenes (Fig. 1) . The site of MK reduction is located on the cytochrome b subunit (HydC). This is suggested by the ¢nding that the isolated enzyme containing HydC catalyzed the reduction of the water-soluble MK-analogue DMN by H 2 , whereas a preparation lacking HydC did not [20] . Both forms of the enzyme catalyzed viologen reduction by H 2 . Furthermore, mutants of W. succinogenes with one of the four histidyl ligands of the heme groups of HydC replaced by other residues, catalyzed H 2 oxidation by viologen dyes, but not by DMN or fumarate [21] . The mutant enzymes were still bound to the membrane, and the membrane contained HydC, as shown by enzyme-linked immunosorbent assay. Hence an intact HydC subunit is required for quinone reduction by H 2 .
Hydrogenase is anchored in the membrane by HydC and by the hydrophobic C-terminus of HydA [17] . Mutants lacking one of the anchors still had their hydrogenase bound to the membrane. In the absence of both anchors, HydB and the activity of viologen reduction by H 2 were located in the periplasm. A mutant lacking the C-terminus of HydA as well as a mutant with the conserved residue H305 in the C-terminus replaced by methionine had no activity of quinone reduction by H 2 [21] . The loss of quinone reactivity was probably not due to the loss of a heme group, since isolated HydC was found to carry the two heme groups (R. Gross and C.R.D. Lancaster, unpublished results). The mutations in hydA may possibly block electron transfer from HydA to HydC.
The two hydrophilic subunits HydA and HydB are similar to the two polypeptides making up the periplasmic Ni-hydrogenases of two Desulfovibrio species; the crystal structures of these enzymes are known [22, 23] . The larger catalytic subunits (HydB) carry the Ni/Fe catalytic center and the smaller carry three iron^sulfur centers. The structures suggest that H 2 is split into electrons and protons at the catalytic center. The protons are released on the surface of HydB through a proton pathway, while the electrons are guided by the three consecutive iron^sulfur centers to the binding site of the electron acceptor on the surface of HydA. Since nearly all the relevant residues are also conserved in the hydrogenase of W. succinogenes and in other membrane-bound Nihydrogenases, it is likely that the catalytic mechanism also applies here.
Formate dehydrogenase
Two gene loci code for the subunits of the enzyme in W. succinogenes [24] . The two fdh operons di¡er in their promotor regions, but are nearly identical in their gene sequences. Deletion mutants lacking one of the operons still grow with formate as electron donor. The formate dehydrogenases of the mutants appear to be identical. The genes fdhA, fdhB and fdhC of the formate dehydrogenase operons fdhEABCD encode the subunits of the enzyme [25] . The functions of fdhE and fdhD are not known. The fdhD gene of Escherichia coli was shown to be required for the formation of an enzymically active formate dehydrogenase [26] . The proteins predicted by fdhD in the two organisms share 30% identity.
Formate dehydrogenase catalyzes the reduction of MK by formate (Fig. 1) [25, 27, 28] . The enzyme was isolated in two forms, FdhABC and FdhAB, one containing and the other lacking cytochrome b. Both forms catalyzed the reduction of DMN by formate and could be incorporated into the membrane of liposomes [28] . However, restoration of the electron transport activity with formate and fumarate (Reaction b) in liposomes harboring vitamin K 1 and fumarate reductase also, was attained only with the preparation containing cytochrome b. These results suggest that the reaction site of lipophilic quinones such as MK or vitamin K 1 is located on the cytochrome b subunit (FdhC) of formate dehydrogenase, whereas the more hydrophilic DMN may also react at a second site.
The catalytic subunit FdhA contains molybdenum coordinated by molybdopterin guanine dinucleotide and is predicted to carry a [4Fe^4S] iron^sulfur center [25, 29] . FdhB is predicted to carry four [4Fe^4S] or one [3Fe^4S] and three [4Fe^4S] iron^sulfur centers. The sequence of FdhA is similar to those of several other molybdo-oxidoreductases whose crystal structures are known, including formate dehydrogenase H of E. coli [30] . These enzymes share a deep crevice extending from the surface to the molybdenum, the site of substrate conversion. In E. coli formate dehydrogenase H, an iron^sulfur center is localized at an appropriate distance for rapid electron transfer from the molybdenum site. This suggests that formate is split at the molybdenum site to yield two electrons, CO 2 and a proton. While the electrons are transferred to the iron^sulfur center, CO 2 and the proton probably leave the catalytic site via the substrate crevice.
Fumarate reductase
W. succinogenes can form only one enzyme catalysing fumarate reduction to succinate [19] . A mutant lacking the genes encoding the subunits of the enzyme did not grow with formate and fumarate. When grown with formate and nitrate, the mutant did not contain fumarate reductase activity and did not catalyze electron transport from formate to fumarate, in contrast to the wild-type strain.
Catalytic properties
Fumarate reductase catalyzes the reduction of fumarate by MKH 2 which is present in the membrane of W. succinogenes (Fig. 1) . The enzyme was isolated in two forms, one containing and the other lacking cytochrome b (FrdC) [31, 32] . The enzyme containing cytochrome b catalyzed DMNH 2 oxidation by fumarate, whereas the other form did not. Both forms catalyzed fumarate reduction by benzyl viologen radical. Hence the site of the quinol reaction appears to be located on the cytochrome b subunit. In redox titration, half of the heme in the enzyme responded with a midpoint potential of 320 mV, whereas that of the other half was at 3200 mV, relative to the standard hydrogen electrode.
The isolated fumarate reductase catalyzes the reduction of fumarate by DMNH 2 or MDH 2 as well as the oxidation of succinate by various quinones (Table 1). The activity of succinate oxidation by 1,4-naphthoquinone (NQ) or 2,3-dimethoxy-5-methyl- The reactivity with lipophilic quinones was investigated after incorporation of each of the two enzymes into liposomes which contained either ubiquinone-9 or vitamin K 1 [33] . The activity of succinate oxidation of both enzymes was ¢ve times higher with ubiquinone-9 than with vitamin K 1 , although W. succinogenes and B. subtilis only contain MK, a naphthoquinone, like vitamin K 1 . In summary, W. succinogenes fumarate reductase and B. subtilis succinate dehydrogenase catalyze fumarate reduction as well as succinate oxidation with commensurate activities. Their reactivity is not restricted to naphthoquinones.
Kinetic response of the prosthetic groups
The crystal structure of fumarate reductase indicates that the prosthetic groups are lined up to form an unbranched electron pathway from the distal heme group of the cytochrome b subunit (FrdC) to FAD in the catalytic subunit FrdA ( Fig.  2A ) [34] . The apparent ¢rst order reduction rates of the three prosthetic groups were slightly higher than the turnover number of the enzyme catalysing fumarate reduction by DMNH 2 (133 s 31 ). This result is consistent with the view that the reduction rate of each prosthetic group is limited by the velocity of DMNH 2 oxidation at the cytochrome b subunit. It should be mentioned that only half of the two heme groups is reduced by DMNH 2 . Reduction of the other half is achieved by dithionite or viologen radicals.
Measurement of the velocity of oxidation of the three prosthetic groups in the fully reduced enzyme upon the addition of fumarate gave a surprising result which is not yet understood (Fig. 2B ). The two heme groups are oxidized in an apparently homoge- Fig. 2 . Arrangement of the prosthetic groups of fumarate reductase relative to the sites of DMNH 2 oxidation (A) and of fumarate reduction (B) [8] . The rate constants refer to the reduction of the components in the fully oxidized enzyme upon the addition of DMNH 2 (A), and to their oxidation in the fully reduced enzyme by fumarate (B) at 20³C [34] . The turnover number in fumarate reduction by DMNH 2 neous ¢rst order reaction with a rate constant close to the turnover number of fumarate reduction by DMNH 2 . In contrast, the rate of oxidation of the [2Fe^2S] center, and that of the appearance of the £avin radical, was less than half the enzymatic turnover number. The [3Fe^4S] center was oxidized in two phases. Half of the center responded approximately as fast as the [2Fe^2S] center (Fig. 2B) , whereas the other half reacted about 10 times slower (not shown).
Function of the subunits
To investigate the function of the individual subunits, fumarate reductase was split with guanidinium to yield FrdA, FrdB, FrdC, and FrdAB ( Fig. 1 ) [32] . FrdA and FrdAB catalyzed fumarate reduction by benzyl viologen and succinate oxidation by methylene blue, but did not react with DMNH 2 . Restoration of the activity of fumarate reduction by DMNH 2 was achieved by coprecipitation with polyethylene glycol of FrdA with FrdB and FrdC or of FrdAB with FrdC. FrdC contained 0.4 mol heme per mol, 85% of which was of the high-potential type (E m = 315 mV) and was reduced upon DMNH 2 addition. The residual heme (15%) was of the low-potential type (E m = 3150 mV). The di¡erence spectrum (reduced3oxidized) of the isolated FrdC was nearly identical to that observed with the intact enzyme upon reduction with DMNH 2 .
The activity of fumarate reduction by DMNH 2 restored from coprecipitated FrdAB and FrdC was a function of the amount of FrdC; saturation was reached with approximately 3 mol FrdC per mol FrdAB. With equimolar amounts of FrdAB and FrdC, 40% of the maximal activity was measured. This suggests that an equimolar amount of FrdC containing the high-potential heme group is bound to FrdAB in the reconstituted enzyme which can catalyze fumarate reduction by DMNH 2 .
Preparations of FrdA and FrdAB containing various amounts of FrdB were reconstituted using a ¢vefold molar amount of FrdC. The amount of heme reduced by succinate in the resulting preparation was equimolar to that of the FrdB present, suggesting that FrdC is bound to FrdB and that the heme group of the bound FrdC is accessible to the electrons provided by succinate oxidation. The simplest interpretation of these results is that the proximal heme group (b P ) is the high-potential one and that this heme group is present in the isolated FrdC (Fig. 3) . The site of DMNH 2 oxidation should be located within electron transfer distance ( 6 14 A î ) [35] to the proximal heme. The distal low-potential heme group (b D ) is apparently not required for the electron transfer from DMNH 2 to fumarate, although it is reduced by H 2 or formate in the bacterial membrane, and the reduced heme group is oxidized by fumarate at the rate of fumarate reductase activity with DMNH 2 (Fig. 2B) . The interpretation is based on the assumption that the site of DMNH 2 oxidation on FrdC is the same in the reconstituted and in the original enzyme, in spite of the removal of the distal heme group.
The function of MK and reconstitution of the electron transport chains
MK is present in the membrane of W. succinogenes in approximately 10-fold and 100-fold the molar amount of fumarate reductase and of formate dehydrogenase, respectively [36, 37] . Nearly all the MK present in the membrane fraction is reduced to MKH 2 by formate. MKH 2 is reoxidized upon addition of fumarate. In the steady state of electron transport from formate to fumarate, the redox state of MK depends on the activities of formate dehydrogenase and of fumarate reductase. The redox state is increasingly oxidized upon progressive inhibition of formate dehydrogenase and is increasingly reduced upon increasing inhibition of fumarate reductase. This response is typical of a respiratory component and suggests that nearly all the MK present in the membrane participates in the electron transport.
MK is an obligatory constituent of the electron transport chains catalysing fumarate respiration with H 2 or formate. This is indicated by the loss of electron transport activity with formate upon extraction of MK from the bacterial membrane fraction and by the restoration of the activity after reincorporation of MK [36] . Furthermore, the electron transport activity with H 2 or formate of liposomes containing fumarate reductase and either hydrogenase or formate dehydrogenase was shown to be dependent on the presence of MK or vitamin K 1 [27, 38, 39] .
The reconstitution in liposomes of the functional electron transport chains catalysing fumarate reduction by H 2 or formate indicates that the isolated enzymes contain all the constituents required for electron transport. The activity of fumarate reduction by formate in the liposomes was as sensitive to 2-n-nonyl-4-hydroxyquinoline-N-oxide (NQNO) as that in the bacterial membrane, suggesting the same pathway of the electrons in both preparations [27] . NQNO (like 2-n-heptyl-4-hydroxyquinoline-N-oxide, HQNO) inhibits the electron transfer from formate dehydrogenase to MK in W. succinogenes and is probably bound to the cytochrome b subunit (FdhC) of the enzyme [40] .
The speci¢c activity of DMN reduction by formate of the formate dehydrogenase in the proteoliposomes was 15% of that of the enzyme in the bacterial membrane, while 70% of the fumarate reductase activity with DMNH 2 was obtained after isolation and incorporation [27, 37] . The loss of formate dehydrogenase activity was mainly due to the isolation procedure which caused partial dissociation of FdhC from the enzyme. Approximately 80% of the enzyme molecules were found on the outer surface of the liposomes and were, therefore, accessible to their substrates. The activities of the two enzymes (V Fdh and V Frd ) were related to the overall electron transport activity (V ET ) according to Eq. 1:
Eq. 1 refers to a system of two consecutive enzymes with a common intermediate (quinol) which is formed by the ¢rst enzyme and used by the second.
As predicted by Eq. 1, the electron transport activity in the liposomes was half that of the individual enzymes, when their activities were the same. When one enzyme activity was in large excess, the electron transport activity was close to the activity of the limiting enzyme. This result shows that all the active enzyme molecules participate in the electron transport, independent of their contents in the proteoliposomes. This is due to the`pool function' of lipophilic quinones in the membrane which allows every quinone molecule to be reduced by each dehydrogenase molecule, and to transfer electrons to each fumarate reductase molecule.
Energetics of fumarate respiration
The ATP synthase isolated from W. succinogenes was shown to catalyze ATP synthesis from ADP and inorganic phosphate at the expense of an arti¢cial vp, after the enzyme had been incorporated into the membrane of liposomes [41] . At a su¤ciently high vp, the turnover number of the enzyme in ATP synthesis was commensurate to that in the growing bacteria. From the velocity of ATP synthesis and the corresponding H £ux across the membrane of the liposomes the amount of H translocated per ATP synthesized (H /ATP ratio) was estimated to be 3 [42] .
Cells of W. succinogenes catalysing fumarate respiration with formate were found to contain nearly equal amounts of ATP and ADP [43] . Assuming the cellular concentration of free phosphate to be 1 and 10 mM, the cellular phosphorylation potential at pH 7 (vGP P ) is calculated from the standard potential (vG o P = 32 kJ/mol ATP) to be 50 and 44 kJ/mol ATP, respectively.
Since fumarate reductase is oriented towards the cytoplasm, fumarate and succinate are transported across the membrane during fumarate respiration (see review by Janausch et al. in this volume). In the presence of Na , the two di-carboxylates are transported simultaneously according to an electroneutral antiport mechanism [60] . Therefore, the ATP/e and the H /e ratios measured with cells should not be impaired by the dicarboxylate transport, provided that the cells contain succinate and Na is present.
Theoretical ATP/e and H + /e ratios
The ATP/e ratio designates the amount of ATP formed from ADP and inorganic phosphate per mol electrons transported from the donor (e.g. H 2 or formate) to the acceptor substrate (e.g. fumarate). The H /e ratio designates the amount of protons apparently translocated across the membrane per mol electrons transported from the donor to the acceptor substrate.
The theoretical maximum ATP/e ratio, (n ATP / n e ) max , is calculated from the vGP P and the vEP o of fumarate reduction by H 2 or formate, according to Eq. 2 where F represents the Faraday constant:
With vGP P = 50 kJ/mol ATP, the maximum ATP/e ratio is obtained as 0.87 (Table 2) . Using this value, and the number of protons translocated across the membrane for the synthesis of an ATP (3), the maximum H /e ratio is calculated to be 2.6. This means that the H /e ratio of fumarate respiration of W. succinogenes should be either 2 or 1, if the H /e ratio has to be an integer number. The corresponding values of the ATP/e ratio would be 0.67 and 0.33. To ¢nd out whether the higher or the lower ratio is the more likely one, the corresponding percentages relative to the theoretical maximum ratio are compared to those of mitochondrial aerobic respiration with NADH and with succinate. The ATP/e ratios of mitochondrial respiration appear to be well established, and the corresponding percentages are 50 and 57% of the theoretical maximum [44] . The higher (0.67) and the lower (0.33) ATP/e ratio assumed for fumarate respiration amounts to 77% and 38% of the theoretical maximum. The higher ratio is considered to be unlikely, since the ATP gain relative to the theoretical maximum of bacterial respiration is not expected to exceed that of mitochondria by 20% or more. Therefore, the lower ATP/e ratio (0.33) appears to be more likely. Assuming the same percentage as in mitochondrial respiration, the ATP/e ratio of fumarate respiration with H 2 or formate would be close to 0.5, corresponding to a H /e ratio of 1.5. It is generally agreed that the H /ATP ratio of ATP synthesis is 4 in mitochondria [1, 44] . This number refers to the synthesis of external ATP from external ADP and phosphate. The transport of these compounds is thought to require 1H /ATP. Therefore, the H /e ratio is four times the ATP/e ratio in mitochondrial oxidative phosphorylation (Table 2) .
NADH is the electron donor in the fumarate respiration of most bacteria forming succinate or propionate under anaerobic conditions [2, 45] . The ATP/e ratio of fumarate respiration with NADH has never been determined experimentally. From the reasoning used above, the ratio is predicted to be close to 0.33 (Table 2 ).
Determination of the ATP/e ratio
Three di¡erent methods have been used for determining the ATP/e ratio of fumarate respiration of W. succinogenes (Table 3 ). In the ¢rst method, the ratio was calculated from the extrapolated growth yields (Y max ) measured with a chemostat culture. To obtain the ATP gain, Y max was divided by the amount of cells synthesized per mol of ATP (Y max ATP ) in the growing culture. Y max was found to vary with the growth conditions. For instance, Y max was considerably 31 ATP) and of E. coli (15.4 g cells/mol ATP) were estimated from the anabolic pathways using several assumptions [46, 47] .
In the second method, the phosphorylation of the ADP and AMP in cells of W. succinogenes was measured as a function of time after initiation of the electron transport from formate to fumarate [43] . The initial velocity of phosphoanhydride formation was divided by the rate of fumarate reduction to obtain the ATP/e ratio ( Table 3 ). The validity of this value is uncertain because phosphorylation and fumarate reduction were measured in di¡erent samples of the cell suspension, thus conditions were not quite identical. Furthermore, fumarate reduction was measured photometrically, and the accuracy of this method was impaired by the interference of the variable activity of the fumarase in cells of W. succinogenes.
In the third method, inverted membrane vesicles of W. succinogenes were used. The formation of`organic' from inorganic phosphate during fumarate respiration with H 2 was measured in the presence of ADP to determine the ATP/e ratio ( Table 3 ). The fumarate reductase and the ATP synthase of the vesicles were exposed to the outside of the membrane, while hydrogenase and formate dehydrogenase face the inside [18] . This method allowed the measurement of both phosphate esteri¢cation in the presence of glucose and hexokinase, and fumarate reduction by H 2 in the same sample. The result so obtained had to be corrected for that proportion of the membrane fraction which catalyzed fumarate reduction, but did not contribute to phosphorylation. This was done by determining the accessibility of formate dehydrogenase to formate, and of fumarate reductase to an external redox dye which does not permeate through the membrane. The activity of formate dehydrogenase was stimulated two-fold upon the addition of a low concentration of a detergent, whereas that of fumarate reductase was not altered. The e¡ect of detergent on the activities indicated that half the preparation consisted of open membrane fragments which perform electron transport without coupled phosphorylation. The other half of the preparation was thought to consist of inverted vesicles catalysing phosphorylation driven by the electron transport. Therefore, the ATP gain given in Table 3 is twice the value actually measured.
A higher value of the ATP/e ratio (0.47) reported earlier with inverted vesicles, was later found to be erroneous [43, 50] . This value resulted from plotting the ATP/e ratios as a function of electron transport activity, and extrapolation to zero activity. The electron transport activity was varied by inhibition. Later it was found that the apparent increase in ATP gain with decreasing electron transport activity was due to an artefact [50] . After correction of the experimental data for the artefact, the ATP/e ratio (0.26) was close to that given in Table 3 .
Using nearly the same method and the same mem- (Table 3 ). The higher value was possibly obtained with a preparation, of which 80% consisted of inverted vesicles. Preparations with 75% inverted vesicles were occasionally obtained from W. succinogenes cells [18] . In summary, the ATP/e ratios obtained with inverted vesicles are close to the lower value (0.33) assumed in 
Determination of vp and H + /e ratios
The electrical proton potential (vi) generated across the membrane of W. succinogenes cells by fumarate respiration with H 2 or formate was determined to be approximately 0.17 V [12, 54] . The same value was measured with inverted vesicles catalysing fumarate respiration with H 2 . The vpH across the membrane of cells generated by the two reactions, and the vpH generated across the membrane of inverted vesicles catalysing fumarate respiration with H 2 was found to be negligible. The value of vp = 0.17 V is consistent with the chemiosmotic postulates (Eqs. 3 and 4). With vGP P = 50 kJ/mol ATP, the theoretical minimum amount of protons to be translocated for the synthesis of 1 mol ATP (X H / n ATP ) min (Eq. 3) is only slightly above the experimentally determined H /ATP ratio of 3, indicating that vp and the cellular phosphorylation potential are close to equilibrium:
The theoretical maximum H /e ratio, (n H /n e ) max , calculated according to Eq. 4 is 2.6 which would be compatible with an actual H /e ratio of 2 or 1 ( Table 2) .
The H /e ratios measured with cells of W. succinogenes were below 1, whereas that measured with inverted vesicles was slightly above 1 (Table 4 ). In contrast, the measured ATP/e ratio is lower than 0.33 in inverted vesicles and higher than 0.33 in cells (Table 3 ). An H /e ratio of 1 corresponds to an ATP/e ratio of 0.33 with H /ATP = 3 (see Table 2 ). Using a pH electrode the H /e ratios given in [20] , and 180 mg fumarate reductase [38] were prepared with egg yolk phosphatidyl choline [58] as described in [59] . The proteoliposomal suspension was saturated with H 2 (except when DMNH 2 was used) and valinomycin was added (0.5 Wmol per g phospholipid). Proton release upon the addition of fumarate or DMN was recorded using phenol red and a stopped-£ow spectrophotometer. The H /e ratio with H 2 and fumarate was calculated from the initial rates of acidi¢cation and of fumarate reduction. The values obtained with DMN or DMNH 2 were evaluated using the amount of oxidant added. Table 4 were calculated from the amounts of H released (cells) or taken up (inverted vesicles) upon initiation of electron transport by the addition of small amounts of fumarate. Proton release or uptake was prevented when a protonophore was added before fumarate. The values for cells were measured in the presence of valinomycin (5 Wmol/g cell protein) and external K (0.1 M) to minimize the vi generated by the electron transport. The H /e ratio was not increased by applying higher amounts of valinomycin or by the presence of tetraphenylphosphonium (TPP ). It is not excluded that the H /e ratio measured with cells was lowered by the interference of electrogenic fumarate uptake [60] .
The H /e ratio measured with valinomycin treated inverted vesicles was a function of the internal concentrations of bu¡er and K . The presence of N,NPdicyclohexylcarbodiimide, an inhibitor of the ATP synthase, enhanced the H /e value. Under the optimal conditions, the H /e ratio slightly exceeded 1 (Table 4 ). This value was not increased by the addition of SCN 3 , which had a considerable e¡ect when valinomycin was absent. This suggests that the vi created by fumarate reduction was negligible under these experimental conditions, and did not a¡ect the H /e ratio. The internal pH of the vesicles was not signi¢cantly altered by fumarate reduction, since the amount of internal bu¡er exceeded that of fumarate added (and protons taken up) by more than one order of magnitude. The H /e ratio (1.1) given in Table 4 was calculated by correcting the experimental value for that proportion of the membrane preparation which performs electron transport without generating a vp. This correction was done using the procedure applied for correcting the ATP/e ratio measured with the inverted vesicle preparation (see Table 3 ).
Fumarate reduction by H 2 was found to generate a vi of 0.16 V across the membrane of proteoliposomes containing MK, fumarate reductase, and hydrogenase which were isolated form W. succinogenes (S. Biel and A. Kro « ger, unpublished results). The polarity of the vi (positive outside) was the same as that measured with cells of W. succinogenes. No vi was generated in the presence of external K , when the proteoliposomes were treated with valinomycin. Under these conditions, the H /e ratio of fumarate respiration with H 2 was measured to be 1.0 (Table 4) . The H /e ratio was zero after treatment of the proteoliposomes with a protonophore. DMN reduction by H 2 (Reaction d) which is known to be catalyzed by hydrogenase:
also generated a vi = 0.16 V across the membrane of the proteoliposomes. The polarity of the vi was the same as that generated by fumarate respiration. The corresponding H /e ratio measured in the presence of valinomycin and external K was 0.9. No vi was generated in proteoliposomes catalysing fumarate reduction by DMNH 2 (Reaction e), and the corresponding H /e ratio was negligible. Reaction e is catalyzed by fumarate reductase:
Similar as with the proteoliposomes, Reaction d was found to generate a vi in cells and inverted vesicles of W. succinogenes, whereas Reaction e did not [57] . The H /e ratios (Reaction d) were lower than those observed with the proteoliposomes (Table  4) . DMN reduction by formate generated a vi in cells of W. succinogenes and in proteoliposomes containing formate dehydrogenase [57] . In summary, the vp generated by fumarate respiration of W. succinogenes appears to be exclusively caused by the electron transfer from H 2 (or formate) to MK, whereas the electron transfer from MKH 2 to fumarate apparently does not contribute to vp generation. This view is con¢rmed by the nearly equal H /e ratios measured for the reduction of DMN and of fumarate by H 2 with the proteoliposomes (Table 4) .
Fumarate reductase in the proteoliposomes was fully accessible to external fumarate (S. Biel and A. Kro «ger, unpublished results). This indicates that all the fumarate reductase molecules face the outside. The orientation of hydrogenase which cannot be measured accurately, is probably the same as that of fumarate reductase. The orientation of the hydrogenase molecules within the liposomal membrane is expected to have a critical e¡ect on the H /e ratio value. The measured H /e ratio would be lower, if some of the hydrogenase molecules faced the inside (see Fig. 4 ). Therefore, it cannot be excluded that the true H /e ratio is higher than 1.
Mechanism of v vp generation
The substrate site of hydrogenase (and of formate dehydrogenase) in W. succinogenes cells is exposed to the periplasmic side of the membrane [17] (Fig.  4A,B) . Therefore, the oxidation of H 2 at the substrate site of hydrogenase is likely to result in the release of 2 H on the periplasmic side of the membrane (Section 3). The protons simultaneously consumed in MK reduction are thought to be taken up from the cytoplasmic side of the membrane. This assumption is based on the ¢nding that quinone reduction by H 2 causes vp generation across the membrane and that the H /e ratio of this process is close to 1 (Table 4) . However, it is not excluded that the protons are taken up from the periplasmic side and that hydrogenase operates as a proton pump with a H /e ratio of 1. The substrate site of fumarate reductase is exposed to the cytoplasmic side of the membrane [18] . Therefore, the reduction of fumarate at the substrate site is associated with the uptake of 2 H from the cytoplasmic side. The protons formed on MKH 2 oxidation by fumarate reductase are thought to be released on the cytoplasmic side (Fig.  4A ). This conclusion is based on the observation that quinol oxidation by fumarate is not associated with membrane polarization or apparent proton translocation (Table 4 ). The electroneutrality of quinol oxidation by fumarate is con¢rmed by the ¢nding that the same H /e ratio of nearly 1 is observed in H 2 oxidation by quinone and by fumarate with the proteoliposomes, in agreement with Fig. 4C . Furthermore, the H /e ratio of H 2 oxidation by fumarate was found to be independent of the relative orientations of fumarate reductase and hydrogenase in the membrane (Fig. 4A,C) . About the same H /e ratio was measured with cells and with inverted vesicles with opposite orientation of the two enzymes, as well as with proteoliposomes containing the enzymes in the same orientation (Table 4 ). In contrast, the H /e should be 2 with cells and inverted vesicles (Fig. 4B) , and 0 with liposomes (Fig. 4D) , if fumarate reductase was electrogenic. Thus the mechanism of fumarate respiration shown in Fig. 4A which pos- (Table 4) . Equivalent mechanisms are thought to apply with formate as electron donor.
tulates the H /e ratio to be 1, is more consistent with the experimental results than that shown in Fig. 4B which predicts a H /e ratio of 2. If menaquinol oxidation by fumarate was coupled to vp generation in W. succinogenes, the actual H /e ratio should be well below 1. According to Eq. 4 with vp = 0.17 V and the redox potentials of MK/ MKH 2 (EP o = 375 mV, in organic solution) and of fumarate/succinate (EP o = +30 mV), (n H /n e ) max is calculated to be 0.6. For a value of (n H /n e ) max exceeding 1, the actual redox potential of MK/MKH 2 in the membrane would have to be more than 65 mV lower than EP o in organic solution. The ratio MK/ MKH 2 in the membrane fraction catalysing fumarate reduction by formate is not far from 1, and the value of EP o of MK/MKH 2 in the membrane is expected to be close to that in organic solution [36, 61] .
The site of menaquinol oxidation in fumarate reductase
The experimental results discussed above suggest that the oxidation of MKH 2 by fumarate, which is catalyzed by the fumarate reductase of W. succinogenes, is an electroneutral process. The protons formed by MKH 2 oxidation are assumed to be released to the cytoplasmic side of the membrane where they balance the protons consumed by fumarate reduction (Fig. 4A) . However, the site of MKH 2 oxidation on the cytochrome b subunit (FrdC) of fumarate reductase is not known and no speci¢c inhibitor of MKH 2 oxidation has been identi¢ed. In the crystal structure, a cavity which extends from the hydrophobic phase of the membrane, close to the distal heme group of FrdC, to the periplasmic aqueous phase could accommodate a MKH 2 molecule, after minor structural alterations [62] . A glutamate residue (E-66) lines the cavity and could accept a hydrogen bond from one of the hydroxyl groups of MKH 2 (Fig. 3) . Replacement of E-66 by a glutamine residue resulted in a mutant (E66Q) which did not catalyze DMNH 2 oxidation by fumarate, whereas the activity of fumarate reduction by benzylviologen radical was not a¡ected by the mutation [62] . X-ray crystal structure analysis of the E66Q variant enzyme ruled out signi¢cant structural alterations. No significant reduction of the high-potential heme by DMNH 2 was possible, although the midpoint potentials of the two heme groups were virtually unaffected. These results indicate that the inhibition of quinol oxidation activity in the mutant enzyme is due to absence of the carboxyl group of E-66. In the wild-type enzyme, E-66, which is conserved in the fumarate reductase enzymes from the O-proteobacteria Campylobacter jejuni and Helicobacter pylori (see Lancaster and Simon, this volume) and is an aspartate in B. subtilis succinate dehydrogenase [63] , seems to serve as the direct acceptor of one of the protons formed by quinol oxidation; since there is no structural indication of a proton channel within FrdC which would guide the protons formed in MKH 2 oxidation to the cytoplasmic side of the membrane, the protons are expected to be released into the periplasm via the cavity as depicted schematically in Fig. 4B . This would mean that quinol oxidation by fumarate is an electrogenic process in W. succinogenes with an H /e ratio of 1. However, this prediction has not been con¢rmed experimentally.
Mechanism of succinate oxidation in B. subtilis
B. subtilis succinate dehydrogenase is predicted to be structurally similar to W. succinogenes fumarate reductase [13] . This includes the cytochrome b subunits, which share considerable sequence similarity [63] . The two heme groups in SdhC of succinate dehydrogenase are probably arranged in the same way as in FrdC of W. succinogenes (Fig. 3) . The proximal heme group is predicted to be close to the trinuclear iron^sulfur center on the cytoplasmic side of the membrane, and the distal heme close to the periplasmic membrane surface. The distance between the heme groups should allow rapid electron transfer.
The two enzymes catalyze succinate oxidation by quinones and fumarate reduction by quinols at commensurate turnover numbers; they react with naphthoquinones as well as with benzoquinones (Section 5.1). The two enzymes di¡er in their sensitivity to HQNO [33] . The reduction of Q O by succinate as well as fumarate reduction by DMNH 2 catalyzed by succinate dehydrogenase, were inhibited by NQNO. The oxidation of succinate by PMS/DCPIP was not inhibited. Fumarate reductase is insensitive to HQNO, both in succinate oxidation with quinones and in the reverse reaction. HQNO appears to be bound to the low-potential heme of succinate dehydrogenase, whose midpoint potential is shifted to a more electro-negative value in the presence of HQNO [64] . The properties of B. subtilis mutants with substitution of a histidyl residue coordinating the distal heme suggest that the distal heme is the low-potential one and that the distal heme group is close to the site of quinone reduction [65] . This is consistent with the view that HQNO interacts at the quinone site. Thus the site of quinone reduction appears to be near the distal heme of succinate dehydrogenase SdhC.
The physiological role of B. subtilis succinate dehydrogenase di¡ers from that of a fumarate reductase. Succinate dehydrogenase serves as a constituent of the citrate cycle and of the respiratory chain in the obligately aerobic B. subtilis [13] . The B. subtilis enzyme catalyzes the oxidation of succinate by MK (Reaction f), an endergonic reaction:
The respiratory activity of B. subtilis cells with succinate was found to be nearly abolished by the presence of a protonophore [66, 67] . This suggests that the endergonic reaction (Reaction f) is driven by the vp generated by the MKH 2 oxidation with O 2 in the absence of the protonophore. The hypothetical coupling mechanism is depicted in Fig. 5A . Reaction f is coupled to the uptake of 2H from the outside and the release of 2H on the cytoplasmic side of the membrane. At a vp = 0.17 V, the apparent proton translocation driving Reaction f provides a vG of 333 kJ, so that the overall reaction (Reaction g) would be exergonic with a vG of 313 kJ/mol succinate oxidized, assuming equal concentrations of succinate and fumarate and of MK and MKH 2 . H o and H i in Reaction g designate protons on the outside and the inside of the membrane, respectively: g Thus, the hypothetical mechanism (Fig. 5A ) is energetically feasible, and may explain the inhibition of the activity of succinate respiration by protonophores in B. subtilis cells.
The view that succinate oxidation by MK is driven by vp (Fig. 5A) is con¢rmed by the ¢nding that fumarate reduction by NADH is coupled to vp generation in B. subtilis cells (Fig. 5B) [67] . It can be seen from the genome that B. subtilis has only one NADH dehydrogenase which is similar to the noncoupling Ndh enzyme of E. coli. Therefore, NADH oxidation by MK is not expected to contribute to vp generation in B. subtilis respiration. Using a mutant lacking a functional succinate dehydrogenase, it was shown that this enzyme is involved in the electron transport from NADH to fumarate. In a similar way, MK was shown to be a constituent of the electron transport chain. As expected, fumarate reduction by NADH was not inhibited by protonophores, in contrast to succinate respiration. As depicted in Fig. 5B , the oxidation of MKH 2 by fumarate catalyzed by succinate dehydrogenase is thought to be electrogenic, and to be responsible for vp generation by fumarate reduction with NADH. Thus the vp is generated by the reversal of Reaction g, which explains why succinate oxidation is driven by vp in B. subtilis. The H /e ratio of 1 predicted by Fig. 5B and Reaction g, has not yet been con¢rmed experimentally. In summary, the succinate dehydrogenase of B. subtilis appears to be electrogenic, in contrast to the apparent electroneutrality of W. succinogenes fumarate reductase.
